Cu-0.2Cr/Granoc composite was prepared by gas pressure infiltration of molten metal alloy into fibre preform in laboratory autoclave. Rod like carbon fibre preform was manufactured from Granoc ® XN-100 high modulus short C fibres with the length of 1 mm via their disintegration and subsequent sedimentation in polyvinylalcohol solution. The fibres were randomly oriented in planes parallel to the x,y directions (in-plane); z-direction is perpendicular to this plane. Thermal diffusivity was measured by means of the flash method and thermal conductivity (TC) was calculated using values of density and specific heat of composite. All measurements were performed at room temperature on disc shaped composite samples with the diameter of 10 mm and the thickness of 5 mm. The TC of composite exhibits anisotropy. TC in z-direction as high as 259.0 Wm -1 K -1 and in-plane as high as 292.0 Wm -1 K -1 were determined. The influence of Cr addition on the TC of four copper alloys (Cu-0.1Cr, Cu-0.2Cr, Cu-0.5Cr and Cu-1Cr) was also determined.
Introduction
Copper matrix composites reinforced with high thermal conductivity (TC) carbon fibres are attractive materials for applications where more effective heat dissipation and low thermal expansion are required, e.g. in microelectronics [1] [2] [3] [4] [5] [6] . The internal structure of carbon fibre produced from mesophase pitch is similar to that of graphite consisting of layer-planes of carbon rings that are separated by a distance of 0.335 nm. High modulus carbon fibres represent a specific variant of advanced phases exhibiting low coefficient of thermal expansion (CTE) -1.6x10 -6 K -1 and high TC up to 1100 Wm -1 K -1 . High performance pitch type carbon fibres "Granoc" cover wide range of properties. The highest thermal conductivity (900 W/m.K) of all Granoc fibres possess XN-100 type which is available in chopped or milled form. When C fibres are combined with Cu matrix, composites with very high TC and low CTE can be reasonably expected. The main problem is the lack of wetting in the Cu-C binary system, leading to difficult infiltration and weak interfacial bonding. Contact angle of molten copper at 1100ºC on a carbon substrate becomes as large as 120º. As a result, weak interfacial bonding without any reaction is formed between copper and carbon fibres. This can be improved by adding a carbide forming element (Cr) to copper matrix that however decreases its thermal conductivity [7] [8] [9] [10] [11] [12] . Copper-chromium alloy is the most frequently used high strength, high conductivity material. The chromium content is usually between 0.5 and 1.2%. The aim of this work is to verify the feasibility of preparation of composite based on Cu-Cr matrix reinforced with short high modulus C fibres and to compare its TC with Cu-Cr alloys with low concentration of Cr.
Experimental material and methods
Three copper alloys Cu-0.1Cr, Cu-0.2Cr and Cu-0.5Cr alloys have been prepared by dilution of commercially available Cu-1Cr alloy in pure Cu. The Cu-0.2Cr/Granoc composite was prepared by gas pressure infiltration of molten metal alloy into fibre preform in laboratory autoclave. Rod like carbon fibre preform was manufactured from Granoc ® XN-100 high modulus short C fibres with the length of 1 mm after their disintegration and sedimentation in polyvinylalcohol solution. Some properties of carbon fibres used are summarized in Table 1 . The preform was dried at 100 o C. In the course of gas pressure infiltration it was immersed in a molten alloy at 1200 °C in vacuum. Subsequently 6.0 MPa of nitrogen pressure was applied on the melt surface during 5 minutes. The average fibre volume content as determined via image analysis in 5 different locations was 31 %. The homogeneity of fibre distribution was revealed by metallographic investigation. The formation of Cr carbides and the composite microstructure was analysed using scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX). The TC was calculated from the diffusivity measurements using calculated values of density and specific heat [13, 14] . Thermal diffusivity was measured in-plane and in z direction by means of the flash method. All measurements were performed at room temperature on disc shaped composite samples with the diameter of 10 mm and the thickness of 5 mm. The simple analytical model of the flash method is based on the thermal behaviour of a homogenous opaque thermally insulated infinite slab uniformly subjected to a short heat pulse of radiant energy over its surface. Thermal conductivity can be calculated from the experimentally determined thermal diffusivity, heat capacity and density. The shape of the temperature curve contains the information about the thermal diffusivity of the material (the time in which the rear face temperature rise reaches one half of its maximum value) [13] .
Result and discussion
Structure of the composite as revealed by light microscopy is in Fig. 1 . The fibres are homogeneously distributed in matrix and no large clusters of fibres can be seen. However, on higher magnification (Fig. 2) one can see, that due to non perfect wetting the molten metal didn't entirely penetrate into spaces between touching C fibres. Addition of 0.2 wt. % of Cr significantly improved the penetration of molten metal into C fibre preform when compared with pure copper. Corresponding EDX analysis (Fig. 3) revealed that a b a b the chromium carbide had been formed only selectively i.e. not homogeneously on all fibres. Generally, larger concentrations of chromium carbides have been observed in regions closer to the fibre surface. They are mostly localized to small islands or thin bridges between the fibres. Typical elemental distribution of Cr in the region near the fibre is presented in Fig. 4b . The thermodynamics of chromium carbide formation on graphite substrate is presented in [14] . The comparison of free energy of formation for each potentially stable carbide phase at 1130°C indicates that the most stable phase is Cr 3 C 2 .
From the experimental data the thermal conductivities of copper alloys were established. It appeared that the TC decreases from 336.5 Wm -1 K -1 for Cu-0.1Cr alloy to 252.4 Wm -1 K -1 for Cu-1Cr alloy (Fig. 5) . was determined. However, this is not so far below that of copper. These are higher values than TC of composite with the copper matrix unidirectionally reinforced with Torayca T300 carbon fibres (composite with 40 vol. % exhibited TC of 224.2 W/m.K in x-direction and 111.1 W/m.K in z-direction respectively) [15] . Unidirectional composite prepared from continuous high modulus C fibres Amoco K1100 (TC of 1000 W/m.K in axial direction) and Cu-0.2Cr alloy exhibited very high thermal conductivities in the direction of fibre alignment (699.8 W/m.K). However, the TC in the direction normal to the fibre alignment was very low (63.9 W/m.K) [14] . That is caused by extremely low radial TC of K1100 fibres (2.4 W/m.K) resulting from their internal structure where graphene layers preferentially oriented along the fibre axis exhibit only weak van der Waals type bonds between the neighbouring layers.
Conclusions
The results can be summarized as follows:
• A technique of short carbon fibre preform preparation necessary for gas pressure infiltration was developed.
• Infiltration conditions for preparing of short C fibres composite with Cu-0.2Cr alloy matrix were optimised.
• Chromium carbides with inhomogeneous distribution on fibre matrix interfaces were identified.
• The effect of Cr on the thermal conductivity of matrix metals and composite via the diffusivity measurements using the flash method was estimated.
• Cu-0.2Cr/Granoc composite exhibited very high thermal conductivities in all measured directions i.e. significantly higher than in the case of high strength C-fibres (e.g. Torayca T300).
